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SUMMARY 

The i n a b i l i t y  t o  model c o n n e c t i o n s  a d e q u a t e l y  has h i s t o r i c a l l y  l i m i t e d  t h e  
a b i l i t y  t o  p r e d i c t  o v e r a l l  system dynamic response.  Connect ions  between s t r u c -  
t u r a l  components a r e  o f t e n  m e c h a n i c a l l y  complex and d i f f i c u l t  t o  a c c u r a t e l y  
model a n a l y t i c a l l y .  Improved a n a l y t i c a l  models f o r . c o n n e c t i o n s  a r e  needed t o  

(3, a3 improve system dynamic p r e d i c t i o n s .  T h i s  s t u d y  e x p l o r e s  combin ing  Component 
M Mode S y n t h e s i s  methods f o r  c o u p l i n g  s t r u c t u r a l  components w i t h  Parameter  I d e n -  
W t i f i c a t i o n  procedures  fo r  i m p r o v i n g  t h e  a n a l y t i c a l  m o d e l i n g  o f  t h e  c o n n e c t i o n s .  

Improvements i n  t h e  c o n n e c t i o n  s t i f f n e s s  and damping p r o p e r t i e s  a r e  computed i n  
terms o f  p h y s i c a l  parameters so t h e  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  connect ions  
can be b e t t e r  unders tood,  i n  a d d i t i o n  to  p r o v i d i n g  improved i n p u t  f o r  t h e  sys- 
tem model.  
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INTRODUCTION 

A n a l y t i c a l  models o f  s t r u c t u r a l  systems n o r m a l l y  do n o t  n o r m a l l y  possess 
c h a r a c t e r i s t i c s  which agree c o m p l e t e l y  w i t h  those o b t a i n e d  from e x p e r i m e n t s .  
A l t h o u g h  t h e r e  a r e  many p o s s i b l e  e x p l a n a t i o n s  f o r  t h e  d i s c r e p a n c i e s ,  t h e  major  
causes o f t e n  can be a t t r i b u t e d  t o  i n a c c u r a c i e s  i n  t h e  d a t a  used t o  c r e a t e  t h e  
a n a l y t i c a l  model. Parameters such as m a t e r i a l  and d i m e n s i o n a l  p r o p e r t i e s ,  
wh ich  a r e  u s u a l l y  o b t a i n e d  from nominal  d e s i g n  s p e c i f i c a t i o n s ,  can d i f f e r  con- 
s i d e r a b l y  from t h e  t r u e  v a l u e s ,  t h u s  c a u s i n g  t h e  a n a l y t i c a l  model t o  be inaccu-  
r a t e .  S t r u c t u r a l  p r o p e r t i e s  such as damping and c o n n e c t i o n  s t i f f n e s s e s  a l s o  
a r e  e x t r e m e l y  d i f f i c u l t  to  p r e d e t e r m i n e ,  y e t  t h e i r  i n f l u e n c e  on s t r u c t u r a l  
response p r e d i c t i o n s  i s  p r o f o u n d .  

For  l a r g e  s t r u c t u r a l  systems i t  i s  common p r a c t i c e  to  u t i l i z e  s u b s t r u c t u r -  
i n g  methods t o  c r e a t e  t h e  a n a l y t i c a l  s y s t e m  model.  These methods a r e  used t o  
c o n s t r u c t  t h e  model by p a r t i t i o n i n g  t h e  s t r u c t u r e  i n t o  components, and t h e n  
l i n k i n g  t h e  i n d i v i d u a l  components t o g e t h e r  w i t h  in te r -component  c o n n e c t i o n s .  
The components f r e q u e n t l y  can be modeled w i t h  r e a s o n a b l e  a c c u r a c y  whereas t h e  
c o n n e c t i o n s  a r e  d i f f i c u l t ,  or i n  many s i t u a t i o n s  i m p o s s i b l e  t o  a n a l y t i c a l l y  
model.  T h i s  i s  e s p e c i a l l y  t r u e  when t h e  connect ions  c o n t a i n  s i g n i f i c a n t  
amounts o f  damping. 



The o b j e c t i v e  o f  t h e  p r e s e n t  work i s  t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of 
d e t e r m i n i n g  t h e  c h a r a c t e r i s t i c s  o f  v i s c o u s l y  damped c o n n e c t i o n s  from t e s t  d a t a  
o b t a i n e d  from t h e  complete c o u p l e d  system. I t  i s  d e s i r a b l e  t o  be a b l e  t o  
determine t h e  c o n n e c t i o n  s t i f f n e s s  and damping from t e s t s  per fo rmed on t h e  com- 
p l e t e  s y s t e m  so t h a t  t h e  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  t e s t i n g  i n d i v i d u a l  j o i n t s  
can be c i rcumvented.  The prob lem w i t h  t e s t i n g  i n d i v i d u a l  j o i n t s  i s  t h a t  o f t e n  
s p e c i a l  t e s t  f i x t u r e s  a r e  r e q u i r e d  f o r  mount ing  t h e  j o i n t .  Also, c o n v e n t i o n a l  
modal t e s t s  can n o t  be performed on t h e  j o i n t  because j o i n t s  n o r m a l l y  a r e  v e r y  
s t i f f ,  and thus  r e q u i r e  s t a t i c  and c y c l i c  l o a d i n g  t e s t s  i n  d e t e r m i n i n g  s t i f f -  
ness and damping p r o p e r t i e s  ( r e f .  1 ) .  Fur thermore ,  a l t h o u g h  s e v e r a l  j o i n t s  may 
be n o m i n a l l y  i d e n t i c a l ,  t h e i r  a c t u a l  p r o p e r t i e s  may v a r y  enough t o  r e q u i r e  t h a t  
eve ry  j o i n t  be t e s t e d .  When system t e s t s  a r e  performed t h e  d i f f i c u l t i e s  asso- 
c i a t e d  w i t h  t e s t s  on i n d i v i d u a l  j o i n t s  a r e  e l i m i n a t e d .  I n s t e a d  o f  s p e c i a l  f i x -  
t u r e s  t h e  s y s t e m  can be t e s t e d  i n  i t s  a c t u a l  o p e r a t i n g  env i ronment  or hung from 
f l e x i b l e  suspenders.  C o n v e n t i o n a l  modal t e s t s  which a r e  much s i m p l e r  to  p e r -  
form than  s t a t i c  or c y c l i c  l o a d i n g  t e s t s  can g e n e r a l l y  be used because t h e  sys- 
t e m  modes a r e  i n  a s u i t a b l e  range.  Also, t h e  low f requency modal d a t a  c o n t a i n s  
i n f o r m a t i o n  about  t h e  j o i n t s  even though t h e  j o i n t s  themselves a r e  r e l a t i v e l y  
s t i f f .  

Severa l  p r e v i o u s  s t u d i e s  have addressed t h e  i s s u e  o f  i d e n t i f y i n g  t h e  
s t i f f n e s s  o f  c o n n e c t i o n s  w i t h o u t  c o n s i d e r i n g  damping. 
a t t e m p t  was made to  i d e n t i f y  t h e  s t i f f n e s s  o f  c o n n e c t i o n s  by u s i n g  a combina- 
t i o n  o f  a we igh ted  l e a s t  squares parameter  i d e n t i f i c a t i o n  and s u b s t r u c t u r i n g  
methods. Th is  work showed t h a t  p h y s i c a l  s t i f f n e s s  c h a r a c t e r i s t i c s  can be 
de termined from e x p e r i m e n t a l l y  o b t a i n e d  f r e q u e n c y  d a t a  as l o n g  as s u f f i c i e n t  
t e s t  d a t a  a r e  a v a i l a b l e .  I n  r e f e r e n c e  3 t h e  s t i f f n e s s  c h a r a c t e r i s t i c s  o f  t h e  
c o n n e c t i o n s  between t h e  Centaur  G P r i m e  Launch V e h i c l e  and t h e  s h u t t l e  o r b i t e r  
w e r e  m o d i f i e d  based on e x p e r i m e n t a l l y  o b t a i n e d  modal da ta .  The c o n n e c t i o n s  
were  a l t e r e d  so t h a t  a t e s t - v e r i f i e d  a n a l y t i c a l  model would be a v a i l a b l e  f o r  
subsequent l oads  a n a l y s i s .  The m o d i f i c a t i o n s ,  based on e n g i n e e r i n g  i n t u i t i o n  
and judgement were deemed s a t i s f a c t o r y  when t h e  a n a l y t i c a l  and e x p e r i m e n t a l  
f r e q u e n c y  d a t a  w e r e  i n  agreement.  

I n  r e f e r e n c e  2 an 

Prev ious  s t u d i e s  t h a t  have addressed c o n n e c t i o n  damping ( r e f s .  1 ,  and 4 
t o  8)  have f o c u s e d  on i d e n t i f y i n g  damping p r o p e r t i e s  f rom t e s t s  on i n d i v i d u a l  
j o i n t s  r a t h e r  than  from coup led  system t e s t s .  I n  r e f e r e n c e  1 a m i x  o f  a n a l y t i -  
c a l  and exper imen ta l  component models were combined t o  c h a r a c t e r i z e  t h e  dynam- 
i c s  o f  a f l e x i b l e  s p a c e c r a f t .  For t h i s  s t u d y ,  j o i n t  s t i f f n e s s  and damping 
w e r e  asc 'e r ta ined b e f o r e  t h e  j o i n t s  were  i n c o r p o r a t e d  i n t o  t h e  system model.  
Data o b t a i n e d  from c y c l i c  l o a d i n g  t e s t s  i n d i c a t e d  t h a t  t h e  j o i n t  damping was 
p r i m a r i l y  v i s c o e l a s t i c ,  a l t h o u g h  i t  was no ted  t h a t  j o i n t s  i n  a c t u a l  space 
s t r u c t u r e s  may e x h i b i t  n o n l i n e a r i t i e s  and f r i c t i o n  damping. S ince  t h e  s y s t e m  
modal p r o p e r t i e s  computed from t h e  e x p e r i m e n t a l l y  d e r i v e d  j o i n t  models were i n  
agreement w i t h  t e s t  r e s u l t s ,  t h e r e  was no need t o  modi fy  t h e  j o i n t  c h a r a c t e r i s -  
t i c s  by u s i n g  t h e  coup led  system t e s t  d a t a .  I n  r e f e r e n c e  4 damping and s t i f f -  
ness c h a r a c t e r i s t i c s  o f  a r e p r e s e n t a t i v e  space t r u s s  j o i n t  w e r e  s t u d i e d .  I n  
t h a t  work r e s u l t s  from s i m p l i f i e d  j o i n t  models w e r e  compared t o  r e s u l t s  
o b t a i n e d  f r o m  a complex model wh ich  i n c l u d e d  dead bands, l a r g e  d e f o r m a t i o n s ,  
and f r i c t i o n  f o r c e s .  I t  was conc luded t h a t  s i m p l i f i e d  models based on l i n e a r  
s p r i n g s  and v i scous  dampers c o u l d  r e p r e s e n t  t h e  behav io r  o f  t h e  more s o p h i s t i -  
ca ted  j o i n t  model. No a c t u a l  e x p e r i m e n t a l  d a t a  was used i n  t h a t  s t u d y .  I n  
r e f e r e n c e  5 n o n l i n e a r i t i e s  i n  a s t r u c t u r a l  j o i n t  w e r e  i d e n t i f i e d  by  u s i n g  an 
approach termed " f o r c e - s t a t e  mapping".  T h i s  approach i n v o l v e d  s i m u l t a n e o u s l y  
measur ing t h e  f o r c e  on a j o i n t  a l o n g  w i t h  i t s  p o s i t i o n  and v e l o c i t y .  From t h e  
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shape o f  t h e  t h r e e  d imens iona l  s u r f a c e  genera ted  by  p l o t t i n g  f o r c e  as a func -  
t i o n  o f  d i s p l a c e m e n t  and v e l o c i t y  t h e  t ype  and q u a n t i t a t i v e  d e s c r i p t i o n  o f  t h e  
j o i n t  mechanisms w e r e  i d e n t i f i e d .  

I n  t h e  p r e s e n t  paper a genera l  p rocedure  f o r  component c o u p l i n g  i s  p re -  
sented.  T h i s  p rocedure  accommodates components t h a t  have been modeled w i t h  
e i t h e r ,  f i n i t e  e lements or w i t h  modal d a t a  which has been o b t a i n e d  from a n a l y t -  
i c a l  models or exper iment .  A parameter  i d e n t i f i c a t i o n  p r o c e d u r e  based on t h e  
we igh ted  l e a s t  squares method a l s o  i s  i n t r o d u c e d .  T h i s  p r o c e d u r e  u t i l i z e s  sys- 
tem t e s t  d a t a  to  f i n d  an o p t i m a l  s e t  o f  s t i f f n e s s  and v i s c o u s  damping connec- 
t i o n  p r o p e r t i e s .  F i n a l l y ,  two example problems u s i n g  s i m u l a t e d  e x p e r i m e n t a l  
d a t a  a r e  p resen ted .  For  these problems b o t h  s t i f f n e s s  and damping c o n n e c t i o n  
p r o p e r t i e s  a r e  i d e n t i f i e d .  A Monte-Car lo  s i m u l a t i o n  i s  r u n  t o  assess t h e  
e f f e c t  o f  v a r i a n c e  i n  t h e  exper imen ta l  d a t a  on t h e  i d e n t i f i e d  p r o p e r t i e s  i n  
t h e  first problem. The e f f e c t  o f  f r i c t i o n  damping i s  e v a l u a t e d  i n  t h e  second. 

COMPONENT COUPLING PROCEDURE 

The approach used for d e v e l o p i n g  t h e  coup led  system e q u a t i o n s  o f  m o t i o n  
i s  e x t r a p o l a t e d  from t h e  procedure  o f  r e f e r e n c e  9 .  I n  t h i s  approach component 
models a r e  r e p r e s e n t e d  t h r o u g h  t h e  use of  f i n i t e  e lements or w i t h  modal da ta .  
Component modal d a t a  may be o b t a i n e d  from exper iment ,  or from a reduced f i n i t e  
e lement  model.  Once t h e  component models a r e  o b t a i n e d ,  t h e y  a r e  c o u p l e d  a t  
p h y s i c a l  boundary degrees of freedom th rough  p h y s i c a l  c o n n e c t i n g  e lements .  I n  
t h e  p r e s e n t  work b o t h  s t i f f n e s s  and v i scous  damping i s  accommodated i n  t h e  con- 
n e c t i n g  e lements .  Res idua l  f l e x i b i l i t y ,  which i s  d i s c u s s e d  i n  r e f e r e n c e  9 a l s o  
i s  i n c l u d e d .  

Cons ider  t h e  s y s t e m  shown i n  f i g u r e  1 .  Th i s  s y s t e m  i s  compr ised o f  two 
components wh ich  a r e  coup led  by a s i n g l e  c o n n e c t i n g  e lement .  
t i o n  o f  mo t ion  f o r  t h e  uncoupled system i s  w r i t t e n  as :  

The damped equa- 

u1 I IC01 I IU' 

where [ M I ,  [ C l ,  and CKI a r e  t h e  system mass, damping, and s t i f f n e s s  m a t r i -  
ces r e s p e c t i v e l y ,  {u } ,  {u}, and {u }  a r e  t h e  c o r r e s p o n d i n g  a c c e l e r a t i o n s ,  
v e l o c i t i e s ,  and d isp lacements  i n  t e r m s  o f  p h y s i c a l  a n d / o r  modal c o o r d i n a t e s ,  
and { i } ,  { x } ,  and { x }  a r e  t h e  p h y s i c a l  a c c e l e r a t i o n s ,  v e l o c i t i e s ,  and d i s -  
p lacements a t  t h e  connec t ions .  ( S u p e r s c r i p t s  r e f e r  t o  component i d e n t i f i c a -  
t i o n s . )  Note t h a t  t h e  c o n n e c t i n g  component i s  mass lzss ,  and t h e  o t h e r  two 
components have no damping. For many systems i t  i s  r e a s o n a b l e  t o  assume t h a t  
t h e  a c t u a l  component damping i s  n e g l i g i b l e ,  and t h a t  any s i g n i f i c a n t  damping 
i s  i s o l a t e d  i n  t h e  connec t ions .  

Once p a r t i t i o n i n g  between boundary and i n t e r n a l  degrees of f reedom has 
been completed,  and d isp lacement  c o m p a t i b i l i t y  between components has been 
implemented, t h e  coup led  s y s t e m  equa t ions  o f  mo t ion  f o r  t h e  damped system may 
be d e r i v e d  as fol lows: 
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- K f I  I 
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u: 

x i  

x; 

u f  

where t h e  component degrees of freedom 

+ 

{u}  a r e  p a r t i t i o n e d  i n t o  i n t e r n a l  
{ U i }  and p h y s i c a l  boundary {xb}  degrees of freedom. For components modeled 
w i t h  f i n i t e  e lements ,  a l l  o f  t h e  degrees o f  f reedom a r e  p h y s i c a l .  For modal 
components, t h e  boundary degrees o f  f reedom a r e  p h y s i c a l  w h i l e  t h e  i n t e r n a l ,  
{ U i } ,  degrees o f  f reedom a r e  r e p r e s e n t e d  i n  terms of modal c o o r d i n a t e s .  

When modal d a t a  i s  used t o  c h a r a c t e r i z e  components, p h y s i c a l  degrees o f  
f reedom a t  t h e  component boundary must be d e r i v e d  from t h e  modal d a t a  b e f o r e  
t h e  component can be i n p u t  i n t o  e q u a t i o n  ( 2 ) .  These degrees o f  f reedom a r e  
o b t a i n e d  by  t r a n s f o r m i n g  a subset  o f  t h e  modal c o o r d i n a t e s  i n t o  p h y s i c a l  coor -  
d i n a t e s .  The e q u a t i o n  of m o t i o n  for  an undamped modal component i n c l u d i n g  t h e  
d i a g o n a l  terms o f  t h e  r e s  dua l  f l e x i b i l i t y  m a t r i x  a s s o c i a t e d  w i t h  t h e  boundary 
degrees o f  f reedom i s :  

.. 1.1 /061 + [ K*] lqkl = (0) 

qb 

[M'] = [ Ikk '1 [K*] = 

0 0 

where {q}  a r e  modal c o o r d i n a t e s ,  [ I k k l  i s  t h e  i d e n t i t y  m a t r i x ,  [wkk21 i s  
t h e  m a t r i x  o f  component f r e q u e n c i e s ,  and k i s  t h e  number o f  measured or 
r e t a i n e d  modes. [Gbbdl  i s  t h e  d i a g o n a l  m a t r i x  o f  r e s i d u a l  f l e x i b i l i t i e s ,  

N - c" 4 I 

a t  t h e  boundary,  b, degrees o f  f reedom. 
j =k+ l  wj2 

The m a t r i x  Gbbd, c o n t a i n i n g  t h e  component r e s i d u a l  f l e x i b i l i t y  i s  com- 
p u t e d  by  summing a l l  o f  t h e  m i s s i n g  modal d a t a  (k+ l ,N> a t  each o f  t h e  boundary 
degrees o f  f reedom. E x p e r i m e n t a l l y ,  t h e  e n t r i e s  i n  t h e  r e s i d u a l  f l e x i b i l i t y  
m a t r i x  a r e  o b t a i n e d  by  d e t e r m i n i n g  t h e  d i f f e r e n c e s  between t h e  c u r v e  f i t  and 
t h e  e x p e r i m e n t a l l y  measured f r e q u e n c y  response f u n c t i o n s  ( r e f .  10). The r e s i d -  
u a l  f l e x i b i l i t y  i s  implemented so t h a t  f l e x i b i l i t y  wh ich  i s  n o t  c o n t a i n e d  i n  
t h e  t r u n c a t e d  s e t  of component modes i s  i n c l u d e d  i n  t h e  component model.  The 
va lues  o f  t h e  r e s i d u a l  f l e x i b i l i t i e s  a t  t h e  boundary a r e  r e q u i r e d  because t h e y  
p r o v i d e  i n f o r m a t i o n  necessary  f o r  a c c u r a t e  component c o u p l i n g  and f o r  t h e  c rea-  
t i o n  o f  a p r e c i s e  system model.  O n l y  t h e  d i a g o n a l  terms i n  t h e  m a t r i x  a r e  used 
here  because i t  has been found t h a t  t h e  o f f - d i a g o n a l  te rms,  wh ich  r e l a t e  t h e  
c r o s s  c o u p l i n g  between boundary degrees o f  f reedom, have a n e g l i g i b l e  e f f e c t  on  
t h e  f i d e l i t y  o f  t h e  model ( r e f .  9 ) .  
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U s i n g  t h e  t r a n s f o r m a t i o n :  

l e a d s  t o :  

U s i n g  
m o t i o n  

he above t r a n s f o r m a t i o n  and e q u a t i o n  3, t h e  component e q u a t i o n s  o 
i n  terms o f  modal and p h y s i c a l  boundary c o o r d i n a t e s  a r e  d e r i v e d  a s :  

(4b)  

A f t e r  t h e  component e q u a t i o n s  a r e  t rans formed i n t o  t h e  c o o r d i n a t e  system 
used i n  e q u a t i o n  ( 5 ) ,  t h e  component can t h e n  be i n c o r p o r a t e d  i n t o  t h e  system 
e q u a t i o n s  i n  t h e  same manner as a r e  t h e  f i n i t e  e lement  components. 

Once t h e  s y s t e m  e q u a t i o n s  o f  m o t i o n  a r e  c o n s t r u c t e d ,  t h e y  can be used t o  
p r e d i c t  t h e  system f r e q u e n c i e s  and mode shapes. This modal d a t a  i s  t h e n  used 
i n  c o n j u n c t i o n  w i t h  t h e  e x p e r i m e n t a l l y  measured modal parameters  t o  i d e n t i f y  
t h e  c o n n e c t i o n  p r o p e r t i e s .  Because t h e  system i s  damped, t h e  f r e q u e n c i e s  w i l l  
be complex; t h e  r e a l  p a r t  c o r r e s p o n d i n g  t o  t h e  modal damping and t h e  i m a g i n a r y  
p a r t  t o  t h e  modal f requency.  The mode shapes a l s o  w i l l  be complex b u t  f o r  most 
damped systems ( i n c l u d i n g  t h e  p r e s e n t  r e s e a r c h )  t h e  i m a g i n a r y  p a r t  can be 
d i s r e g a r d e d .  

PARAMETER I D E N T I F I C A T I O N  PROCEDURE 

S e v e r a l  methods a r e  a v a i l a b l e  f o r  parameter  i d e n t i f i c a t i o n  ( r e f .  1 1 ) .  The 
methods wh ich  i n c o r p o r a t e  o p t i m i z a t i o n  s t r a t e g i e s  can be c l a s s i f i e d  i n t o  t h r e e  
groups;  l e a s t  squares,  w e i g h t e d  l e a s t  squares,  and Bayes ian  e s t i m a t i o n .  W i t h  
t h e  l e a s t  squares method t h e  s e t  o f  parameters  which m i n i m i z e s  t h e  d i f f e r e n c e  
between t h e  measured and p r e d i c t e d  response i s  computed. The w e i g h t e d  l e a s t  
squares method i s  s i m i l a r  e x c e p t  t h a t  a " w e i g h t , "  c o r r e s p o n d i n g  t o  t h e  r e l a t i v e  
c o n f i d e n c e  i n  t h e  measured d a t a ,  4 s  i n c o r p o r a t e d .  The Bayes ian  method p e r m i t s  
s p e c i f i c a t i o n  o f  t h e  randomness o f  t h e  parameters  t h a t  a r e  b e i n g  computed as 
w e l l  as t h e  c o n f i d e n c e  i n  t h e  measured d a t a .  S i n c e  i n  p r a c t i c e  t h e  randomness 
o f  t h e  c o n n e c t i o n  parameters may be d i f f i c u l t  t o  q u a n t i f y  t h e  Bayes ian  method 
n o r m a l l y  i s  n o t  u s e f u l .  The we igh ted  l e a s t  squares method w i l l  be used i n  t h e  
p r e s e n t  s t u d y  because i t  i s  f e a s i b l e  and u s e f u l  t o  q u a n t i f y  t h e  c o n f i d e n c e  l e v -  
e l s  i n  t h e  measured d a t a .  

Assuming t h a t  t h e  component c h a r a c t e r i z a t i o n s  a r e  a c c u r a t e ,  and t h a t  an 
a p p r o p r i a t e  s e t  of component modes has been used to  r e p r e s e n t  t h e  o v e r a l l  sys- 
t e m  response,  a search  can be i n i t i a t e d  for a s e t  o f  c o n n e c t i o n  parameters  
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which b e t t e r  p r e d i c t s  t h e  system f r e q u e n c i e s  and mode shapes. The assumpt ion  
t h a t  t h e  component r e p r e s e n t a t i o n  i s  a c c u r a t e  may r e q u i r e  t h a t  e x p e r i m e n t a l  
v e r i f i c a t i o n  be per fo rmed o n  t h e  component models be fore  t h e y  a r e  used i n  t h e  
system c h a r a c t e r i z a t i o n .  A l t h o u g h  t h i s  approach may r e q u i r e  a d d i t i o n a l  e f f o r t  
i n  t h a t  v e r i f i e d  component models a r e  r e q u i r e d ,  i t  g r e a t l y  s i m p l i f i e s  t h e  
parameter  i d e n t i f i c a t i o n  b y  l i m i t i n g  t h e  l o c a t i o n  o f  p o s s i b l e  i n a c c u r a c i e s  t o  
t h e  c o n n e c t i o n s .  The r e q u i r e m e n t  t h a t  an a p p r o p r i a t e  s e t  o f  component modes 
be used n o r m a l l y  can be met by  i n c l u d i n g  t h e  l o w e r  modes, and by  u t i l i z i n g  a 
number o f  degrees o f  f reedom i n  t h e  s y s t e m  model t h a t  i s  a t  l e a s t  t w i c e  t h e  
number o f  modes o f  i n t e r e s t  ( a  mode equates t o  lo of f reedom) .  T h i s  r e q u i r e -  
ment i s  comparable t o  t h e  m o d e l i n g  g u i d e l i n e s  used for  c o n v e n t i o n a l  f i n i t e  e l e -  
ments.  By i n c l u d i n g  r e s i d u a l  f l e x i b i l i t i e s ,  t h e  r e q u i r e m e n t  can be r e l a x e d .  

The parameter  i d e n t i f i c a t i o n  ( P I D )  d i s c u s s e d  i n  r e f e r e n c e  2 i s  used h e r e  
t o  f i n d  an improved s e t  o f  c o n n e c t i o n  parameters t h a t  b e t t e r  p r e d i c t  t h e  meas- 
u r e d  system d a t a .  
i s  t h a t  i n  t h i s  work modal damping i s  i n c l u d e d  i n  t h e  i d e n t i f i c a t i o n .  

The d i f f e r e n c e  between t h i s  work and t h e  work i n  r e f e r e n c e  2 

The improved s e t  of c o n n e c t i o n  parameters  a r e  computed i t e r a t i v e l y  from: 

where {r} i s  t h e  v e c t o r  o f  improved c o n n e c t i o n  parameters  ( p h y s i c a l  s t i f f n e s s  
and damping c o e f f i c i e n t s ) ,  {C}MES and { C } E S T  a r e  t h e  measured and computed 
system modal parameters ,  [HI i s  a w e i g h t i n g  m a t r i x  for t h e  measured d a t a ,  and 
[ S I  i s  a s e n s i t i v i t y  m a t r i x  c o n t a i n i n g  t h e  p a r t i a l  d e r i v a t i v e s ,  d { c } / d { r } .  

The v e c t o r  of measurements, { c } ,  can c o n t a i n  b o t h  complex f r e q u e n c y  ( f r e -  
quency and damping), a n d / o r  mode shape d a t a .  For t h e  mode shape d a t a  i t  i s  
s e n s i b l e  t o  use a measure o f  t h e  o v e r a l l  f i t  between t h e  p r e d i c t e d  and e x p e r i -  
menta l  mode shape i n s t e a d  o f  u s i n g  v a l u e s  o f  t h e  mode shapes a t  i n d i v i d u a l  
l o c a t i o n s .  A l o g i c a l  measure o f  t h e  o v e r a l l  f i t  i s  t h e  l e a s t  squares d i f f e r -  
ence between mode shape d a t a  p o i n t s .  The Mode Shape C o r r e l a t i o n  C o e f f i c i e n t  
( r e f .  12) p r o v i d e s  t h i s  k i n d  o f  measure.  The Mode Shape C o r r e l a t i o n  C o e f f i -  
c i e n t  i s  advantageous because i t  p r o v i d e s  a q u a n t i t a t i v e  measure o f  t h e  f i t  
between t h e  e n t i r e  a n a l y t i c a l  and e x p e r i m e n t a l  mode shape, and f u r t h e r m o r e ,  i t  
does n o t  r e q u i r e  t h e  e x p e r i m e n t a l  and computed mode shapes to  be n o r m a l i z e d  i n  
t h e  same manner. 

The w e i g h t i n g  m a t r i x ,  [ W l ,  i s  used f o r  s p e c i f y i n g  t h e  c o n f i d e n c e  l e v e l s  
as w e l l  as f o r  s c a l i n g  t h e  system modal parameters .  For example, t o  s p e c i f y  
t h a t  t h e  modal damping has equa l  i m p o r t a n c e  t o  t h e  f r e q u e n c y ,  a l a r g e r  w e i g h t  
may need t o  be p l a c e d  on  t h e  damping parameter .  T h i s  i s  due t o  t h e  f a c t  t h a t  
t h e  o r d e r  o f  magni tude of modal damping i s  l e s s  t h a n  t h a t  o f  f r e q u e n c y .  Also, 
a h i g h e r  w e i g h t  may be w a r r a n t e d  for parameters t h a t  a r e  more s i g n i f i c a n t ,  or 
t h a t  have been measured w i t h  g r e a t e r  a c c u r a c y .  

The s e n s i t i v i t y  m a t r i x ,  [ S I ,  a l t h o u g h  r e l a t i v e l y  l a b o r i o u s ,  i s  s t r a i g h t -  
f o r w a r d  to  compute. I n  t h e  p r e s e n t  s t u d y  t h e  s e n s i t i v i t y  m a t r i x  i s  computed 
by  p e r t u r b i n g  t h e  system w i t h  smal 1 changes i n  t h e  c o n n e c t i o n  parameters ,  {r}, 
and t h e n  r e c o r d i n g  t h e  r e s u l t i n g  changes i n  t h e  system modal parameters ,  
{ C } E S T .  A new s e n s i t i v i t y  m a t r i x  i s  computed f o r  each i t e r a t i o n  o f  
e q u a t i o n  (6). 
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SAMPLE PROBLEM ONE 

The f i r s t  sample p r o b l e m  i s  p r e s e n t e d  t o  demonst ra te  t h e  parameter  i d e n t i -  
f i c a t i o n  procedures  and t o  assess t h e  f e a s i b i l i t y  of i d e n t i f y i n g  p h y s i c a l  con- 
n e c t i o n  p r o p e r t i e s  from c o u p l e d  system modal d a t a .  
e lement  model was used t o  g e n e r a t e  s i m u l a t e d  e x p e r i m e n t a l  d a t a .  The model 
( f i g .  2 )  c o n s i s t s  o f  t h r e e  p l a n a r  e l a s t i c  beams connected  a t  t h e i r  ends w i t h  
r e v o l u t e  ( p i n n e d )  c o n n e c t i o n s .  Each c o n n e c t i o n  i s  a t t a c h e d  t o  ground by a l i n -  
e a r ,  t r a n s l a t i o n a l ,  s p r i n g ,  and v i s c o u s  damper. The p r o p e r t i e s  o f  t h e  connec- 
t i o n s  a r e  v a r i e d  by  chang ing  t h e  v a l u e  o f  ' m '  and I n '  wh ich  a r e  shown i n  t h e  
f i g u r e .  Each o f  t h e  beam components i s  d i s c r e t i z e d  i n t o  f i v e  beam e lements  
w i t h  t h e  beam mass lumped a t  t h e  ends of t h e  e lements .  The complex e i g e n v a l u e  
e x t r a c t i o n  c a p a b i l i t i e s  (Sol 28)  o f  MSC NASTRAN ( r e f .  13)  were used t o  compute 
t h e  s i m u l a t e d  e x p e r i m e n t a l  f r e q u e n c i e s ,  modal damping, and mode shapes f o r  t h e  
coup led  system. NASTRAN a l s o  was used for comput ing  t h e  f r e e - f r e e  modes f o r  
t h e  i n d i v i d u a l  beam components. These modes a r e  used f o r  c r e a t i n g  t h e  modal 
components f o r  t h e  a n a l y t i c a l  model.  Four modes, two r i g i d  body and two e l a s -  
t i c ,  were used f o r  t h e  component r e p r e s e n t a t i o n s .  

For t h i s  p r o b l e m  a f i n i t e  

F i g u r e  3 shows t h e  e f f e c t  t h a t  t h e  grounded s p r i n g s  have on  t h e  s y s t e m ' s  
undamped r e s o n a n t  f r e q u e n c i e s .  The r e s u l t s  i n  t h i s  f i g u r e  a r e  genera ted  from 
t h e  e x p e r i m e n t a l  model.  For n = 0, t h e  f irst f o u r  modes resemble r i g i d  body 
modes, r e f l e c t i n g  t h e  s o f t n e s s  o f  t h e  s p r i n g s .  A s  ' n '  i s  i n c r e a s e d  t h e  sys- 
t e m  becomes s t i f f e r ,  t h e  f r e q u e n c i e s  i n c r e a s e ,  and t h e  system behaves more l i k e  
a s e r i e s  o f  s i m p l y  s u p p o r t e d  beams. For I n '  g r e a t e r  t h a n  e i g h t ,  t h e  grounded 
s p r i n g s  a c t  as r i g i d  s u p p o r t s .  I n  t h e  subsequent parameter  i d e n t i f i c a t i o n ,  a 
range of  I n '  v a l u e s  i s  i n v e s t i g a t e d  so t h a t  a performance assessment can be 
made for b o t h  v e r y  f l e x i b l e ,  and r e l a t i v e l y  r i g i d ,  c o n n e c t i o n s .  

I n  f i g u r e  4, a compar ison i s  made between r e s o n a n t  f r e q u e n c i e s  from t h e  
modal model ( r e s i d u a l  f l e x i b i l i t i e s  n o t  i n c l u d e d )  and those from t h e  exper imen- 
t a l  model.  S i n c e  f o u r  modes were used t o  r e p r e s e n t  each component, and t h e r e  
a r e  t h r e e  components, t h e  system modal model had t w e l v e  degrees o f  f reedom. 
Based o n  t h i s  number of degrees of f reedom i t  was expec ted  t h a t  t h e  f i rs t  f o u r  
or f i v e  modes c o u l d  be p r e d i c t e d  w i t h  r e a s o n a b l e  a c c u r a c y .  For low I n '  v a l u e s  
t h e r e  i s  v e r y  good agreement between t h e  e x p e r i m e n t a l  and component mode models 
f o r  t h e  f i r s t  f i v e  modes. T h i s  i s  expec ted  s i n c e  t h e  component mode model i s  
g e n e r a t e d  from f r e e - f r e e  component modes. F o r  low I n ' ,  each component behaves 
as i f  i t  were f r e e l y  suppor ted .  For l a r g e r  I n '  v a l u e s  t h e  system behaves l i k e  
a s e r i e s  o f  s i m p l y  suppor ted  beams, c r e a t i n g  g r e a t e r  d isagreement  between t h e  
f r e q u e n c i e s  p r e d i c t e d  by  t h e  e x p e r i m e n t a l  and modal models.  T h i s  a l s o  i s  
expec ted  because t h e  t r u n c a t e d  component mode r e p r e s e n t a t i o n  i s  b e t t e r  s u i t e d  
fo r  p r e d i c t i n g  r i g i d  body t y p e  m o t i o n s ,  and has a more d i f f i c u l t  t i m e  w i t h  t h e  
bend ing  t y p e  b e h a v i o r  of t h e  s i m p l y  s u p p o r t e d  components. The mismatch f o r  
h i g h  I n '  v a l u e s  i s  s t i l l  moderate,  e s p e c i a l l y  f o r  t h e  f i rst  t h r e e  system reso-  
n a n t  f r e q u e n c i e s .  O b v i o u s l y ,  when more or l e s s  t h a n  f o u r  component modes a r e  
used t h e  r e s p e c t i v e  mismatch decreases and i n c r e a s e s .  I n  g e n e r a l ,  t h e  modal 
model u t i l i z i n g  f o u r  component modes produced v e r y  r e a s o n a b l e  r e s u l t s .  When 
r e s i d u a l  f l e x i b i l i t y  was i n c l u d e d  t h e r e  a l m o s t  was p e r f e c t  agreement o v e r  t h e  
e n t i r e  range o f  I n '  v a l u e s .  

I n  f i g u r e  5 ,  t h e  d i f f e r e n c e s  between t h e  e x p e r i m e n t a l  and i d e n t i f i e d  con- 
n e c t i o n  s t i f f n e s s e s  a r e  p l o t t e d  as a f u n c t i o n  o f  ' n '  v a l u e .  The c o n n e c t i o n  
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v a l u e s  were i d e n t i f i e d  by  m i n i m i z i n g  t h e  d i f f e r e n c e s  between t h e  f i r s t  seven 
system r e s o n a n t  f r e q u e n c i e s .  Mode shape d a t a  was n o t  u t i l i z e d .  I t  was p r e f e r -  
a b l e  n o t  t o  have t o  use any mode shape d a t a  because shape d a t a  i s  c o n s i d e r a b l y  
more d i f f i c u l t  t o  measure e x p e r i m e n t a l l y  t h a n  a r e  f r e q u e n c i e s .  To i n i t i a t e  t h e  
parameter  i d e n t i f i c a t i o n  ( e q .  ( 6 > > ,  i n i t i a l  e s t i m a t e s  a r e  r e q u i r e d  f o r  t h e  con- 
n e c t i o n  parameters .  I n  c r e a t i n g  t h e  d a t a  shown i n  t h i s  f i g u r e ,  z e r o  s t i f f n e s s  
v a l u e s  w e r e  used f o r  t h e  i n i t i a l  e s t i m a t e s  of t h e  c o n n e c t i o n  parameters .  When 
t h e  c o n n e c t i o n  p r o p e r t i e s  a r e  b e t t e r  known, t h e  i n i t i a l  e s t i m a t e s  can be 
improved,  and convergence i s  a c c e l e r a t e d .  

The s t r o n g e s t  agreement between exper iment  and computed c o n n e c t i o n  parame- 
t e r s  i s  a t  I n '  = 4 .  T h i s  i s  i n  c o n t r a s t  t o  t h e  h i g h e s t  f requency match ( f i g .  4 )  
which was a t  I n '  = 0. Even a t  I n '  = 0, where t h e  d i f f e r e n c e  i s  as l a r g e  as 
t h i r t y  p e r c e n t ,  t h e  match i s  s t i l l  f a i r l y  good c o n s i d e r i n g  t h e  p r e v a l e n t  d i f f i -  
c u l t i e s  a s s o c i a t e d  w i t h  d e t e r m i n i n g  c o n n e c t i o n  p r o p e r t i e s .  
i t  i s  adequate m e r e l y  t o  be a b l e  t o  d e t e r m i n e  t h e  o r d e r  o f  magni tude o f  t h e  
c o n n e c t i o n  p r o p e r t i e s .  For ' n '  = 6, converged parameters  c o u l d  n o t  be computed 
w i t h o u t  i n c l u d i n g  r e s i d u a l  f l e x i b i l i t i e s ,  a l t h o u g h  t h e  o r d e r  o f  magni tude o f  
t h e  c o n n e c t i o n  p r o p e r t i e s  was d e t e r m i n e d  c o r r e c t l y .  W i t h  t h e  i n c l u s i o n  o f  
r e s i d u a l s ,  t h e  c o n n e c t i o n  s t i f f n e s s e s  were computed t o  w i t h i n  f o r t y  p e r c e n t  
a c c u r a c y .  

I n  many s i t u a t i o n s  

There a r e  two reasons why d i s p a r i t i e s  between t h e  i d e n t i f i e d  and e x p e r i -  
menta l  c o n n e c t i o n  v a l u e s  may o c c u r ,  even though t h e  a n a l y t i c a l  model a c c u r a t e l y  
p r e d i c t s  t h e  system f r e q u e n c i e s  ( e . g . ,  a t  I n '  = 0 , 2 , 4 > .  The f i rs t  reason i s  
t h a t  when t h e  f r e q u e n c i e s  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  c o n n e c t i o n  s t i f f -  
nesses, a h i g h  degree o f  p r e c i s i o n  i n  t h e  e x p e r i m e n t a l  d a t a  i s  r e q u i r e d  fo r  
a c c u r a t e  i d e n t i f i c a t i o n .  I n  p r a c t i c e ,  t h i s  r e q u i r e d  degree o f  p r e c i s i o n  may 
n o t  be a t t a i n a b l e  and o n l y  an o r d e r  o f  magni tude e s t i m a t e  o f  t h e  c o n n e c t i o n  
p r o p e r t i e s  may be r e a l i z e d .  The second e x p l a n a t i o n  i n v o l v e s  t h e  e x i s t e n c e  o f  
m u l t i p l e  s o l u t i o n s .  For many systems, i n c l u d i n g  t h e  one p r e s e n t e d  i n  t h i s  
paper ,  more t h a n  one s e t  o f  c o n n e c t i o n  p r o p e r t i e s  e x i s t s  wh ich  s a t i s f i e s  t h e  
o b j e c t i v e  of e l i m i n a t i n g  t h e  d i f f e r e n c e s  between t h e  measured and p r e d i c t e d  
modal parameters .  When t h i s  i s  t h e  case,  t h e  r e s u l t i n g  s e t  o f  c o n n e c t i o n  prop-  
e r t i e s  i s  dependent on  t h e  i n i t i a l  e s t i m a t e s  f o r  t h e  c o n n e c t i o n s  and on t h e  
s t e p  s i z e  used for comput ing  t h e  s e n s i t i v i t y  m a t r i x .  N o r m a l l y ,  t h e  number o f  
s o l u t i o n s  can be m i n i m i z e d  by  u t i l i z i n g  a d d i t i o n a l  f r e q u e n c i e s  a n d / o r  mode 
shapes i n  t h e  i d e n t i f i c a t i o n .  The number o f  p o s s i b l e  s o l u t i o n s  and t h e  
r e q u i r e d  q u a n t i t y  o f  e x p e r i m e n t a l  d a t a  can be d e t e r m i n e d  be forehand by  per fo rm-  
i n g  s i m u l a t i o n  s t u d i e s  w i t h  v a r y i n g  s t e p  s i z e s  and i n i t i a l  e s t i m a t e s  fo r  t h e  
c o n n e c t i o n  p r o p e r t i e s .  

The d a t a  i n  f i g u r e s  6 ( a >  and ( b )  were c r e a t e d  t o  assess t h e  e f f e c t  o f  
damping on t h e  i d e n t i f i c a t i o n  o f  c o n n e c t i o n  p r o p e r t i e s .  For t h e s e  f i g u r e s ,  t h e  
c o n n e c t i o n  s t i f f n e s s e s  were h e l d  c o n s t a n t  a t  I n '  = 4 ,  and t h e  damping was v a r -  
i e d  from 'm'  = 0 t o  1.4 ( c r i t i c a l  damping i s  near  ' m '  = 1 . 6 ) .  I n  f i g u r e  6(a> 
t h e  f l a t n e s s  o f  t h e  curves  demonst ra te  t h e  i n s e n s i t i v i t y  o f  t h e  s t i f f n e s s  com- 
p u t a t i o n s  t o  damping. Even for l a r g e  damping, ' m '  = 1 .4 ,  t h e  c o n n e c t i o n  s t i f f -  
nesses a r e  computed a c c u r a t e l y .  I n  f i g u r e  6 ( b >  t h e  e f f e c t  o f  damping on  t h e  
i d e n t i f i e d  c o n n e c t i o n  damping i s  d i s p l a y e d .  S i m i l a r  t o  t h e  s t i f f n e s s  r e s u l t s ,  
t h e  i d e n t i f i e d  damping a l s o  i s  f a i r l y  i n s e n s i t i v e  t o  t h e  l e v e l  o f  t h e  damping. 
I n  g e n e r a l ,  when t h e  l e v e l  of damping i s  low, and hence f r e q u e n c y  i s  u n a f f e c t e d  
by  damping, t h e r e  w i l l  n o t  be any c o u p l i n g  between damping and s t i f f n e s s ,  and 
t h e  c o n n e c t i o n  s t i f f n e s s  and damping p r o p e r t i e s  may be i d e n t i f i e d  i n d e p e n d e n t l y .  
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A Monte C a r l o  s i m u l a t i o n  was used t o  assess t h e  a c c u r a c y  o f  t h e  parameter  
i d e n t i f i c a t i o n  f o r  v a r i o u s  degrees o f  e x p e r i m e n t a l  e r r o r .  N o r m a l l y ,  t h e  l e v e l  
o f  e x p e r i m e n t a l  e r r o r  i n  f r e q u e n c y  i s  s m a l l ,  w h i l e  t h e  error i n  damping and 
mode shapes i s  r e l a t i v e l y  l a r g e .  Based on  t h i s  assumpt ion ,  t h e  c o e f f i c i e n t  o f  
v a r i a t i o n  i n  t h e  f r e q u e n c y  measurements was s e t  a t  1 p e r c e n t  and t h e  damping 
c o e f f i c i e n t  o f  v a r i a t i o n  was v a r i e d  from 1 t o  15 p e r c e n t .  For s i m p l i c i t y ,  mode 
shape d a t a  was n o t  u t i l i z e d .  S i m u l a t e d  d a t a  was g e n e r a t e d  by  making f o r t y  r u n s  
a t  I n '  = 4, ' m '  = 1 . 2 ,  and u s i n g  a random number g e n e r a t o r  t o  s e l e c t  t h e  exper -  
i m e n t a l  modal f r e q u e n c i e s  and damping (normal  d i s t r i b u t i o n s  were assumed). 
Plots d i s p l a y i n g  t h e  p r o b a b i l i t y  of a c h i e v i n g  a p r e c i s i o n  l e v e l  f o r  t h e  v a r i o u s  
degrees o f  measurement c o e f f i c i e n t  o f  v a r i a t i o n  a r e  shown i n  f i g u r e s  7 ( a )  and 
( b ) .  I n  t h e s e  f i g u r e s  i t  i s  shown t h a t  as t h e  c o e f f i c i e n t  o f  v a r i a t i o n  i n  t h e  
measured d a t a  i n c r e a s e s ,  t h e  p r o b a b i l i t y  of a c h i e v i n g  a g i v e n  l e v e l  o f  p r e c i -  
s i o n  decreases.  For example, t h e  p r o b a b i l i t y  o f  i d e n t i f y i n g  t h e  damping t o  
w i t h i n  20 p e r c e n t  o f  t h e  a c t u a l  damping i s  n e a r l y  80 p e r c e n t  f o r  a damping 
c o e f f i c i e n t  o f  v a r i a t i o n  of 1 p e r c e n t ,  w h i l e  i t  i s  l e s s  t h a n  40 p e r c e n t  f o r  a 
c o e f f i c i e n t  o f  v a r i a t i o n  of 15 p e r c e n t .  O b v i o u s l y ,  as t h e  r e q u i r e d  p r e c i s i o n  
l e v e l  i s  r e l a x e d ,  t h e  p r o b a b i l i t y  o f  r e a c h i n g  t h a t  l e v e l  i s  i n c r e a s e d .  

From f i g u r e  7(b> i t  i s  e v i d e n t  t h a t  r e g a r d l e s s  o f  t h e  damping c o e f f i c i e n t  
o f  v a r i a t i o n ,  t h e  i d e n t i f i e d  s t i f f n e s s  p r o p e r t i e s  a r e  r e a s o n a b l y  p r e c i s e .  For 
example,  t h e  p r o b a b i l i t y  of a t t a i n i n g  a 30 p e r c e n t  p r e c i s i o n  i s  v e r y  good 
( g r e a t e r  t h a n  80 p e r c e n t )  f o r  a l l  t h r e e  l e v e l s  o f  damping c o e f f i c i e n t  o f  v a r i a -  
t i o n .  These r e s u l t s  were expec ted  s i n c e  f o r  t h e  mean damping used f o r  t h e  sim- 
u l a t i o n  ( ' i n '  = 1 . 2 )  t h e  s t i f f n e s s  i s  f a i r l y  independent  o f  damping. I t  s h o u l d  
be n o t e d  t h a t  t h e  r e s u l t s  from t h e  Monte C a r l o  s i m u l a t i o n  a r e  p r o b l e m  dependent 
and can o n l y  be used f o r  p r o v i d i n g  i n s i g h t  i n t o  t h e  degree o f  a c c u r a c y  t h a t  
m i g h t  be expec ted  for o t h e r  problems.  

SAMPLE PROBLEM TWO 

The c o n n e c t i o n s  i n  many s t r u c t u r a l  systems c o n t a i n  n o n l i n e a r i t i e s  such as 
f r i c t i o n  or gaps. For m u l t i - d e g r e e  o f  f reedom s y s t e m s  i t  i s  v i r t u a l l y  imposs i -  
b l e  t o  i d e n t i f y  and c h a r a c t e r i z e  a l l  o f  t h e  c o m p l e x i t i e s  t h a t  may e x i s t  i n  con- 
n e c t i o n s .  O f t e n ,  a s i m p l i f y i n g  assumpt ion  i s  made t h a t  t h e  c o n n e c t i o n  damping 
can be a d e q u a t e l y  d e s c r i b e d  by  l i n e a r  v i s c o u s  dampers even though o t h e r  t y p e s  
o f  damping e x i s t  i n  t h e  c o n n e c t i o n .  W i t h  t h i s  assumpt ion  t h e  i d e n t i f i c a t i o n  
p r o c e s s  and subsequent a n a l y s i s  a r e  g r e a t l y  s i m p l i f i e d .  I n  t h e  second sample 
p r o b l e m  t h e  e f f e c t s  o f  t h e  v i s c o u s  damping assumpt ion  a r e  assessed by  a d d i n g  
f r i c t i o n  damping i n t o  t h e  system. F i r s t ,  t h e  e f f e c t  o f  f r i c t i o n  damping o n  t h e  
i d e n t i f i e d  v i s c o u s  damping c o n n e c t i o n  p r o p e r t i e s  i s  d e t e r m i n e d .  Subsequent ly ,  
a compar ison i s  made between t h e  a c t u a l  response o f  t h e  system w i t h  f r i c t i o n  
damping and t h e  response o f  t h e  i d e n t i f i e d  system w i t h  t h e  f r i c t i o n  damping 
approx imated by  v i s c o u s  damping. 

The s t r u c t u r e  u t i l i z e d  f o r  t h e  second sample prob lem i s  i d e n t i c a l  t o  t h e  
f irst e x c e p t  t h a t  f r i c t i o n  dampers have been added a t  each o f  t h e  c o n n e c t i o n  
l o c a t i o n s  ( f i g .  8). The f r i c t i o n  dampers a t  each o f  t h e  f o u r  c o n n e c t i o n s  were 
i d e n t i c a l .  The v i s c o u s  dampers and grounded s p r i n g s  wh ich  were used i n  t h e  
first sample prob lem a l s o  were used h e r e .  
(see  f i g .  2) were f i x e d  a t  m = 1 and n = 4. 

The parameters  f o r  t h e s e  e lements 
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MSCINASTRAN S o l u t i o n  99 was used t o  compute t h e  modal damping f o r  t h e  cou- 
p l e d  system. The damping was computed by e x c i t i n g  t h e  s y s t e m  and t h e n  a l l o w -  
i n g  i t  t o  decay ( f i g .  9). The r a t e  of f r e e  decay t h e n  was used t o  compute an 
e q u i v a l e n t  modal damping f o r  each o f  t h e  f irst seven modes a t  d i f f e r e n t  l e v e l s  
o f  f r i c t i o n  damping. To o b t a i n  t h e  f r e e  decay response each mode was i n d i v i d u -  
a l l y  e x c i t e d  by  a p p l y i n g  a d i s t r i b u t e d  s i n u s o i d a l  l o a d  a t  t h e  modal f r e q u e n c y  
w i t h  t h e  same d i s t r i b u t i o n  as t h e  mode shape. The magn i tude o f  t h e  s i n u s o i d a l  
l o a d  was s e t  so t h a t  t h e  r e s u l t i n g  d isp lacements  were on t h e  o r d e r  o f  t h e  sys- 
tem span/100. 
assuming t h a t  t h e  modal f r e q u e n c i e s  and mode shapes would be unchanged from t h e  
s y s t e m  w i t h o u t  f r i c t i o n  damping. 

The e x c i t a t i o n  f r e q u e n c y  and d i s t r i b u t i o n  was d e t e r m i n e d  by  

E q u i v a l e n t  v i s c o u s  damping r a t i o s  were computed for  f o u r  l e v e l s  o f  f r i c -  
t i o n  damping. The f r i c t i o n  r a t i o  was d e f i n e d  as t h e  r a t i o  o f  t h e  f r i c t i o n  
f o r c e  a t  each o f  t h e  f o u r  c o n n e c t i o n  l o c a t i o n s  t o  t h e  maximum v a l u e  o f  t h e  d i s -  
t r i b u t e d  s i n u s o i d a l  e x c i t a t i o n .  Damping r a t i o s  were computed a t  f r i c t i o n  
r a t i o s  o f  r = 0.0, r = 0 .02 ,  r = 0.10, and r = 0.50. The r e s u l t i n g  modal 
damping v a l u e s  a r e  g i v e n  i n  t a b l e  I .  As  expec ted ,  t h e  e q u i v a l e n t  modal damp- 
i n g  i n c r e a s e s  w i t h  an i n c r e a s e  i n  f r i c t i o n  f o r c e .  The damping r a t i o s  from t h i s  
t a b l e  n e x t  were used i n  t h e  parameter  i d e n t i f i c a t i o n  t o  compute e q u i v a l e n t  v i s -  
cous dampers. The i d e n t i f i e d  v i s c o u s  dampers a r e  g i v e n  i n  t a b l e  11. W i t h o u t  
f r i c t i o n  damping, r = 0.00, t h e  i d e n t i f i e d  dampers a r e  v e r y  c l o s e  i n  v a l u e  t o  
t h e  a c t u a l  dampers. When f r i c t i o n  i s  p r e s e n t ,  t h e  i d e n t i f i e d  dampers do not 
appear t o  f o l l o w  any p a t t e r n ,  b u t  t h e y  do e n a b l e  t h e  p r e d i c t e d  f r e q u e n c i e s  and 
modal damping t o  match t h e  e x p e r i m e n t a l  d a t a  c l o s e l y .  

The per formance o f  t h e  i d e n t i f i e d  models was assessed by  compar ing t r a n -  
s i e n t  responses o f  t h e  i d e n t i f i e d  models t o  t h o s e  from t h e  e x p e r i m e n t a l  models 
a t  each o f  t h e  f o u r  l e v e l s  o f  f r i c t i o n  damping. 
a p p l y i n g  a s t e p  f u n c t i o n  i n p u t  l o a d  a t  t h e  c e n t e r  of t h e  system. The e f f e c t  o f  
t h e  s t e p  i n p u t  i s  t o  e x c i t e  a l l  of t h e  system modes, w i t h  a g r e a t e r  emphasis on  
t h e  lower  modes. The r e s u l t i n g  system response,  shown i n  f i g u r e  10, reaches  a 
peak d i s p l a c e m e n t  j u s t  a f t e r  t h e  s t e p  l o a d  i s  a p p l i e d  and t h e n  decays w h i l e  
o s c i l l a t i n g  about  a s t e a d y  s t a t e  d i s p l a c e m e n t .  The responses from t h e  i d e n t i -  
f i e d  and e x p e r i m e n t a l  models were e v a l u a t e d  by  compar ing peak response,  s e t -  
t l i n g  t i m e ,  and RMS e r r o r  (see  t a b l e  111). A t  a l l  f o u r  f r i c t i o n  l e v e l s  t h e r e  
was v e r y  l i t t l e  e r r o r  i n  peak response ( e . g . ,  o n l y  2 p e r c e n t  e r r o r  a t  r = 0.50) .  
The s e t t l i n g  t i m e  e r r o r ,  wh ich  i s  d e f i n e d  as t h e  e r r o r  i n  t i m e  t o  r e a c h  
10 p e r c e n t  o f  t h e  s t e a d y  s t a t e  d i s p l a c e m e n t ,  i n c r e a s e d  c o n s i d e r a b l y  from t h e  
lower t o  h i g h e r  l e v e l s  of f r i c t i o n  damping. For example,  a t  r = 0.50 t h e  t i m e  
i t  took fo r  t h e  i d e n t i f i e d  model t o  r e a c h  s t e a d y  s t a t e  d i s p l a c e m e n t  was t w i c e  
t h a t  o f  t h e  e x p e r i m e n t a l  model (122 p e r c e n t  e r r o r ) .  

The models were e x c i t e d  by  

The F o u r i e r  t r a n s f o r m s  o f  t h e  d i s p l a c e m e n t  responses were computed f o r  
r = 0 .10  and r = 0.50 ( f i g s .  l l ( a >  and ( b > > .  To c l a r i f y  t h e s e  t r a n s f o r m s ,  t h e  
s teady  s t a t e  d i s p l a c e m e n t s  were s u b t r a c t e d  from t h e  d i s p l a c e m e n t  responses .  
From t h e  F o u r i e r  t r a n s f o r m s  i t  i s  seen t h a t  most o f  t h e  d i s c r e p a n c y  between t h e  
e x p e r i m e n t a l  and i d e n t i f i e d  model responses can be a t t r i b u t e d  t o  t h e  d i f f e r e n c e  
i n  c o n t r i b u t i o n  o f  t h e  f i r s t  mode. For b o t h  r = 0.10 and r = 0.50 t r a n s f o r m s  
t h e r e  i s  m in ima l  d i f f e r e n c e ,  e x c e p t  for t h e  first mode where t h e  d i f f e r e n c e  i s  
ext reme.  



I n  f i g u r e  12 ,  t h e  a m p l i t u d e  and s e t t l i n g  t i m e  e r r o r s  a r e  compared a t  t h r e e  
magni tudes o f  i n p u t  l o a d  w h i l e  t h e  f r i c t i o n  f o r c e  was h e l d  c o n s t a n t  a t  r = 0.10. 
S ince  t h e  f r i c t i o n  damping i s  a m p l i t u d e  dependent ( i n v e r s e l y  p r o p o r t i o n a l  t o  
d i s p l a c e m e n t  and f r e q u e n c y ) ,  i t  was expec ted  t h a t  t h e  i d e n t i f i e d  model would 
a c c u r a t e l y  match t h e  e x p e r i m e n t a l  model response o n l y  a t  t h e  same e x c i t a t i o n  
l e v e l s  and d i s t r i b u t i o n s  as were used t o  compute t h e  e q u i v a l e n t  v i s c o u s  damping 
r a t i o s .  
s i n u s o i d a l  e x c i t a t i o n ,  and t h e  responses i n  t h e  f i g u r e  a r e  t h e  r e s u l t  o f  a s t e p  
i n p u t  e x c i t a t i o n ,  t h e  i d e n t i f i e d  model does a f a i r l y  r e a s o n a b l e  j o b  o f  p r e d i c t -  
i n g  t h e  e x p e r i m e n t a l  response f o r  a b road range of e x c i t a t i o n  l e v e l s  and d i s t r i -  
b u t i o n s .  A s  expected,  t h e  i d e n t i f i e d  model o v e r - e s t i m a t e s  t h e  system damping a t  
h i g h  a m p l i t u d e s .  T h i s  i s  because t h e  e q u i v a l e n t  v i s c o u s  damping i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  a m p l i t u d e  and t h e r e f o r e  would have t o  be decreased f o r  h i g h e r  
a m p l i t u d e  response.  

C o n s i d e r i n g  t h a t  t h e  e q u i v a l e n t  v i s c o u s  dampers were d e r i v e d  by u s i n g  

SUMMARY AND CONCLUSIONS 

A method for  c o u p l i n g  mul t i -component  systems, and f o r  i d e n t i f y i n g  connec- 
t i o n  s t i f f n e s s  and damping c h a r a c t e r i s t i c s  was developed and v e r i f i e d  w i t h  s i m -  
u l a t e d  d a t a .  I n  t h e  f irst sample prob lem component c o n n e c t i o n  p r o p e r t i e s  were 
de termined f o r  a t h r e e  component p l a n a r  beam model.  From t h i s  a n a l y s i s  i t  was 
f o u n d  t h a t  p r o p e r t i e s  c o u l d  be a c c u r a t e l y  i d e n t i f i e d  f o r  a b road range o f  con- 
n e c t i o n  s t i f f n e s s e s  and damping u s i n g  r e l a t i v e l y  min ima l  measured d a t a .  The 
c o n n e c t i o n  p r o p e r t i e s  were i d e n t i f i e d  u s i n g  f requency d a t a  a l o n e .  Mode shape 
d a t a  was n o t  r e q u i r e d .  By p e r f o r m i n g  a Monte-Car lo  s i m u l a t i o n  i t  was d e t e r m i n e d  
t h a t  c o n n e c t i o n  damping and s t i f f n e s s  can be i d e n t i f i e d  even i n  t h e  presence 
o f  e x p e r i m e n t a l  e r r o r .  

I n  t h e  second sample p r o b l e m  e q u i v a l e n t  v i s c o u s  c o n n e c t i o n  damping was 
i d e n t i f i e d  f o r  a model a c t u a l l y  h a v i n g  f r i c t i o n  and v i s c o u s  damping. 
i s o n  between t h e  e x p e r i m e n t a l  and i d e n t i f i e d  model showed t h a t  f o r  p a r t i c u l a r  
ranges of i n p u t  e x c i t a t i o n  t h e  i d e n t i f i e d  model c o u l d  r e l i a b l y  p r e d i c t  peak 
response and s e t t l i n g  t i m e .  However, a t  h i g h  l e v e l s  o f  f r i c t i o n  damping, t h e  
i d e n t i f i e d  model d i d  n o t  per fo rm as w e l l .  S ince  many systems i n c l u d e  connec- 
t i o n s  w i t h  n o n l i n e a r i t i e s ,  i t  i s  i m p o r t a n t  t h a t  u n r e a l i s t i c  p r e d i c t i o n s  con- 
c e r n i n g  t h e  i n - s e r v i c e  response o f  t h e  system a r e  n o t  made. I n s t e a d ,  t h e  
e x t e n t  of any n o n l i n e a r i t y  s h o u l d  be determined b y  i n s p e c t i o n  o f  t h e  measured 
d a t a ,  and t h e n  t h e  subsequent e f f e c t  o f  any i d e n t i f i e d  n o n l i n e a r i t y  on system 
response s h o u l d  be e x p l o r e d .  

A compar- 
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TABLE I. - EQUIVALENT VISCOUS DAMPING RATIOS, E 

0.031 
.035 
.032 
.036 
.041 
.035 
.063 

94.9 Hz 

208 
307 
408 
484 

- ~~ 

0.048 
.051 
.042 
.045 
.054 
.037 
.067 

r = O  

r = 0 . W  
r = 0.02 
r = 0.10 
r = 0.50 

0 . 0 2 4  
.027 
.031 
.040 
.040 
.032 
.060 

9.4 21 27 37 
20.6 7.7 23.3 43.6 
26.2 7.7 45.3 34.6 
25.1 52 54 53 

r = 0.02 r - 0.10 I -  

Peak ampl i t u d e  Peak ampl i t u d e  
( e x p e r i m e n t a l  ) e r r o r ,  

p e r c e n t  

S e t t l i n g *  RMS 
t i m e  e r r o r ,  e r r o r  

p e r c e n t  

r = 0.50 

r = 0 .00  
r = 0.02 
r 0.10 
r = 0.50 

0.06 
.loo 

0.755 0 0 0.00 
.754 2 13 .07 
.750 3 44 . l l  
.731 2 122 .24 

.080 

.110 

. l o o  

.080 

.140 

. “1. 

TABLE 11. - IDENTIF IED EQUIVALENT 
VISCOUS DAMPERS 

I c1 I c2 I c3 I c4 I 

a A c t u a l  v a l u e s  a r e  C = 10, cp = 20, 
C3 = 30, and C4 = 40. 

~~~ ~ 

* S e t t l i n g  t i m e  = time t o  r e a c h  k10 p e r c e n t  o f  s t e a d y  s t a t e  
d i s p l a c e m e n t .  

U = PHYSICAL AND/OR MODAL DEGREES OF FREEDOM 
X = PHYSICAL DEGREES OF FREEWM 

XC 7 

\ 
‘Xf1, X t ’  

I x i ,  x I c J  

FIGURE 1.  - THREE COMPONENT SYSTEM. 
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,-PINNED CONNECTION 
/ (TYPICAL) 

C1 = lom k2 = 20x10” cq = 4 0 m  kl = 1 0 ~ 1 0 ~  

FIGURE 2. - THREE COMPONENT COUPLED SYSTEM (EI = 105, p = 0.10, AL = 1.0). 
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FIGURE 3. - MODAL FREQUENCIES FOR UNDAMPED EXPERIMENTAL 
MODEL. 
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W E  L L W  

‘1 .  2, 3 7  % %  20 

k =  
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FIGURE 4. - FREQUENCY DIFFERENCE BETWEEN MODAL AND EX- 
PERIMENTAL MODEL. 
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60 - WITHOUT RESIDUALS 
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STIFFNESS. n (B)  DAMPING PROPERTIES. 

FIGURE 5. - DIFFERENCES BETWEEN IDENTIFIED AND EXPERI- FIGURE 6. - DIFFERENCES BETWEEN IDENTIFIED AND EXPERI- 
MENTAL CONNECTION STIFFNESSES (UNDAMPED). MENTAL PROPERTIES. 
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.2 

0 
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FIGURE 7. - PRECISION LEVEL, PERCENT DIFFERENCE BETWEEN 
I D E N T I F I E D  AND ACTUAL PROPERTIES. 
STANDARD DEVIATION I N  MEASURED FREQUENCIES = 1%) .  

(Il = 4. m = 1 . 2 ,  

r FR ICT ION 

cq = 40 k ,  = 1 0 x 1 0 4  

FIGURE 8. - THREE COMPONENT SYSTEM WITH F R I C T I O N  DAMPING. 
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.2 

I b- 

g o  
2 a 
n 

.8 

I 

.6 

.4 

. 2  

TIME,  SEC 

FIGURE 9. - TRANSIENT RESPONSE FOR M O M  3 AND F R I C T I O N  
FORCE RATIO. r = 0.02. 

I '  

(A) r = 0.00 

.05 .10 .15 .20 

I 

MODEL 
EXPERIMENTAL 
I M N T l F  IED --- 

0 .05 .10 .15 .20 . .. 
TIME, SEC 

(D) r = 0.50 ( C )  r = 0.10 

FIGURE 10. - COMPARISON BETWEEN EXPERIMENTAL AND IDENTIFIED MODELS' TRANSIENT RESPONSE. 
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MODEL 

EXPERIENTAL - -- IDENTIFIED 

.08 

.06 

.04 

.02 

L 

6 

- 

- 

- 

- 

4 1 1  2 ' v  r 
0 50 100 150 200 250 300 

, 

FREQUENCY 

(B) r = 0.50 

FIGURE 11. - FOURIER TRANSFORM OF DISPLACEMENT RESPONSE. 

MODEL 

EXPERIENTAL 
IDENTIFIED --- 

0 
(A) Po = lo1 

*21 0 
(B) Po = 10' 

I 

PEAK AMPLITUDE ERROR 

SETTLING TIME ERROR 

T I E .  SEC 

(C) Po = 10-1 

FIGURE 12. - STEP INPUT MAGNITUDE EFFECTS ON 
AMPLITUDE AND SETTLING TIME ERRORS. r = 0.10, 
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